scattering studies on micellar and polyelectrolyte solutions are also available in literature 27 31 . The properties of system depend on interaction parameter, β, which is the ratio of the molar concentration of surfactant and polymer at equilibrium. As expected, when the binding sites of the polymer become saturated with surfactant and at higher β, free micelles coexist with the complexes. These free micelles can further resolubilize the polymer-surfactant complexes. The hydrodynamic radius of the complex is usually smaller than or similar to the radius of the surfactant free polymer coil. The effective repulsion between the polymer surfactant complexes increases with β upto 1, after which a dramatic change occurs which is usually brought by the screening effect of the free micelles 32 . Using this method one can readily obtain the weight average molecular weight, radius of gyration and hydrodynamic radius of the macromolecules and aggregating particles. Dynamic light scattering DLS also allows one to determine the zeta potential z.p. of the aggregate in addition to hydrodynamic radii of the aggregate for oppositely charged polymer-surfactant aggregates. When an oppositely charged surfactant is added to aqueous polyelectrolyte solution, due to the progressive binding of surfactant, there occurs a reversal in the z.p. of the medium. After complete charge neutralization, with the further addition of surfactant, there occurs a charge reversal phenomenon 33 therefore nature and extent of interaction between oppositely charged polymer-surfactant aggregates 22 get significantly altered in presence of oppositely charged surfactants. Studies on the viscosity of polymer-surfactant complexes are also plentiful in literature 8 10, 14, 17, 34, 35 . It has been found that the viscous behavior of the polymer-surfactant system depends on ionization of the surfactant as well as polymer concentration and surfactant concentration in the mixture. Viscosity measurement can be considered as a very sensitive method to any change in polymer conformation. Factors that influence the conformation are mainly i the molecular weight, ii the concentration and iii the flexibility of polymer chains. Polymer-surfactant interaction becomes significant only after the attainment of a minimum surfactant concentration called critical aggregation concentration, CAC . Below the CAC, the polyelectrolyte chains are extended and they overlap forming networks due to electrostatic repulsion. Above the CAC, the viscosity decreased sharply towards the viscosity of water. The decrease is attributed to the binding of surfactant molecules onto the polymer chains and do not form any networks. However, above a certain saturation concentration, there may occur viscosity increment, which are due to the formation of larger aggregates 20 .
Although several works have been reported that involve polymer and surfactant of different kinds 35 37 but studies involving surfactant and bacterial polysaccharides SPS are not plenty 17, 20 . These systems could be useful in terms of their medicinal aspects, especially in the preparation of vaccines. The nature of binding between polymer and surfactant is similar to the binding of the lipid-protein layer of gram negative bacteria. So the scope of studies on the interaction between surfactant and bacterial polysaccharide is plenty. From literature survey, it was found that some important changes in properties of both the polymer and surfactant often occur when these two types of compounds are used together. The outer membrane of gram-negative bacteria contains capsular polysaccharide SPS as an integral component. SPS is saue polysaccharides, where saue means sour in German. Klebsiella belongs to the gram-negative bacteria of Enterobactereace family 38, 39 . Till now, 82 serologically classified strains of Klebsiella are known, which are composed of different acidic capsular polysaccharides with a definite repeating units ranging from tri-to hepta-saccharide. SPS being anionic in nature can interact with cationic surfactants as well as cationic-nonionic mixed surfactants. Several properties of these SPS, e.g., equivalent weight per repeating unit, stoichiometry of dye-SPS complex, interaction with oppositely charged dye, thermodynamics of interaction, etc., have already been studied in our earlier works 17, 40, 41 . Effect of pure cationic surfactants and cationic-nonionic mixed surfactants on the absorbance of the SPS has also been studied 42 . The interaction between oppositely charged polymer-surfactants are governed by the nature of the charged head group and of the counter ion, charge density, rigidity of the structure, CMC of the surfactant systems, concentration of surfactants C s , etc. The binding is governed both by electrostatic and hydrophobic interaction 17, 43 . The interaction of mixed surfactants with bacterial lipopolysaccharide LPS has also been studied by the present research group using 20 turbidimetry, spectrophotometric, spectrofluorometric, viscosity and conductance measurement.
In the present paper we have worked with anionic SPS isolated from four different serotypes of Klebsiella K20, K28, K43 and K51 . Interaction between the four anionic SPS and the cationic surfactants, viz. benzyldimethyl--nhexadecylammonium chloride BDHAC , cetyltrimethylammonium bromide CTAB , cetylpyridinium chloride CPC and dodecylpyridinium chloride DPC in their pure form as well as in combination with polyoxyethylene sorbitan monolaurate Tween-20 , using turbidimetric, viscometric and dynamic light scattering methods. Turbidimetric titration with addition of surfactants to a fixed concentration of polymer are expected to reveal the effect of CMC values of surfactants, charge density as well as the structure of polymers on the polymer-surfactant interaction. Dynamic light scattering DLS studies will help to determine the hydrodynamic radii of the aggregates and also the zeta potential. Viscosities of the aggregates also correspond with size variation and may yield useful information regarding the ag-gregates.
Experimental
The test strains of Klebsiella K28, K43, K51 and K20 were kindly supplied by Dr. S. Schlecht of Max Plank Institute for Immunobiology, Freiburg, Germany. Bacterial cells were grown in nutrient agar medium, harvested and dried. The capsular polysaccharides were isolated and purified by phenol-water-cetavlon method 21 . Cationic surfactants benzyldimethyl-n-nhexadecylammonium chloride BDHAC , cetyltrimethylammonium bromide CTAB , cetylpyridinium chloride CPC , dodecylpyridinium chloride DPC and nonionic surfactant polyoxyethylene sorbitan monolaurate Tween 20 were the products from E Merck, Germany. They were stated to be more than 99 pure and were used as received. Freshly prepared double distilled water with a specific conductance of 2.4 μScm 1 at 298 K was used for all measurements. Turbidimetry measurements were carried out using a Milton Roy Spectronic -21D spectrophotometer by progressive addition of 200 μl 10 μl in each step 0.05M surfactants to a fixed amount of SPS 10 4 M and T were measured at 420 nm where turbidity τ was approximated as 100 -T 10 . For such measurements concentration of SPS was chosen at 10 4 M, as it was found to be the optimum concentration where turbidity can suitably be monitored.
To a fixed amount of SPS 10 4 M , varying amount of surfactants were progressively added and viscosity of the medium was measured using DV III pro Brookfield, USA cone and plate type rotoviscometer. Viscosity was measured at different shear rates for different SPS-surfactant concentrations. Zero shear viscosity was determined from the intercept of the plot of apparent viscosity vs. shear rate 44, 45 . Temperature was controlled at 298 K using a thermostatic water bath with an accuracy of 0.1 K.
Size and zeta potential measurement
The dynamic light scattering DLS and zeta potential Z.P. measurements were carried out using Nano-ZS90 Malvern, USA . A He-Ne laser emitting at 632.8 nm wavelength was the light source. The DLS experiments were carried out at a fixed scattering angle of 900. SPS 2.5 mL was taken in a 4 mL quartz cuvette after filtration through a 0.45 μm Millipore TM membrane filter. The temperature was maintained at 298 K. 200 μL 5 μL in each step 0.005 M surfactant was then gradually added to the 2.5 mL SPS solution kept in quartz cuvette directly, using a Hamilton microsyringe USA and the mixture was homogenized after which the data were recorded. Dilution of SPS was not that significant on addition of surfactant. We have carried out the measurements using separately prepared solutions, where the variation was almost similar to the presently stated method. Zeta potential measurements were performed using a folded capillary cell DTS1060, Malvern, U.K. made of polycarbonate with gold plated beryllium/ copper electrodes. All the measurements were carried out at 303 K.
Results and Discussion
The primary structures of all the four SPS under investigation have been published earlier 46 49 . The structures are
given below:
The primary structures of the above four Klebsiella SPS revealed that they are comprised of definite repeating units ranging from tetra-to hexa-saccharides. Further, each SPS is composed of glucuronic acid that acts as potential anionic site for interaction with cationic dyes and surfactant and thus behaves like anionic polyelectrolytes. The equivalent weight of all the SPS have previously been determined by spectrophotometric and spectrofluorometric titrations 40, 41 . Equivalent weight of the SPS were found to be as follows: K20 646 , K28 980 , K43 820 and K51 594 . Though the structure of these polysaccharides have some intrinsic similarities, however there are some remarkable variations in respect of the size of the repeating units, sugar constituents, patterns of linkages etc. These structural variations have been reflected in the subsequent physico-chemical studies on polymer-surfactant interaction as to be shown in different following sections. Figure 1 describes the variation in turbidity with increasing surfactant concentration for different surfactants added to Klebsilla K 51 SPS solution in water. It was found that significant turbidity values were not achieved until a certain amount of surfactant was added to the polymer solution marked as 1 . Variation in the onset of turbidity for pure surfactants followed the order BDHAC CTAB. CPC DPC. The order was in accordance with the CMC values of the surfactants. A surfactant with lower CMC is expected to bind to the polymer matrix at lower concentration and vice versa 10, 20 . Results for all the systems are summarized in Table 1 . Once the threshold values were achieved, turbidity values increased significantly with passed through maxima marked as 2 inside the figure . However in case of pure CPC and DPC, increase in the post-onset turbidity values were not so prominent. Such aan ovservation is not uncommon in the literature 20 . Both CPC and DPC with pyridinium cations have relatively lower charge densities on the head groups. Apparently when surfactants are bound to oppositely charged polyelectrolytes, due to charge neutralization, polymers are expected to coil up, leading to an overall decrease in size. However, such a decrease was insignificant compared to their hydrodynamic diameter. Thus the size depletion op polyelectrolytes, induced by surfactants, were not detectable by turbidity measurements. Also it will be show later that such changes become undetectable by DLS measurements. Increase in turbidity was due to phase separation of the polymer-surfactant aggregates. The charge neutralized polymer-surfactant aggregates god dehydrated leading to phase separation. Such entities being less ionic in nature can get resolubilized in the presence of excess surfactants, leading to decrease in turbidity. The order of onset of turbidity of the polymers, on addition of surfactant was found to be K51 K20 K43 K28. This may be due to their structural variation.
The onset of turbidity in case of cationic-anionic mixed surfactant appeared at lower concentration compared to the corresponding pure cationic surfactants as the CMC values decreases with addition of nonionic surfactant with the cationic surfactants. The variation in case of Klebsiella K51 on addition of mixed surfactant has been shown in Fig.  1 Panel B . No systematic variation in the onset of turbidity for mixed surfactants was observed. However, the variation occurring with change in polymer also accounts the influence of the structure of SPS on turbidity formation. The onset of turbidity with different SPS follows the order: K28 K43 K20 K51. From the literature 17, 20 it has also been found that the appearance of turbidity is influenced by two factors, viz., charge density and CMC values. Upon the addition of a nonionic surfactant CMC values of the mixed surfactant systems are reduced significantly. Thus the one could expect the binding process to be initiated at lower surfactant concentration. Polymer-surfactant interactions are governed both by electrostatic and hydrophobic forces. With the lowering of the CMC values by nonionic surfactants, hydrophobic interactions are expected to be enhanced. This was probably the reason for the enhanced turbidity in certain systems where mixed surfactant were used. Further decrease in charge density on addition of the nonionic surfactant led to a decrease in the turbidity. The influence of the two factors may vary depending upon the nature of the SPS. Intrinsic viscosity was measured as it is related to radius of gyration for a dilute polymer solution 50 . At low concentrations, due to ion-ion repulsion the random configuration of the polymer chain opens up resulting in extended structure which leads to increase in viscosity. As we go on adding surfactant, at a certain stage, charge neutralization occurs which lead to decrease in electrostatic repulsion and finally decrease in viscosity. The polymer-polymer interactions are lesser in extent in comparison to the polymer-surfactant interaction. The hydrodynamic volume occupied the polymer mass is the intrinsic viscosity, η , which is a parameter that can be determined by dilute solution viscosity measurements. Several theories in polymer physics literature 51, 52 correlate the intrinsic viscosity with molecular properties of polymers such as molecular weight, overlap concentration, radius of gyration and pore size of concentrated polymers. The intrinsic viscosity values are helpful in the determination of the solubility parameters of polymers in different solvents 53 55 . These solubility parameters in turn are important in determining the fundamental properties of materials 31 and have been applied to drugexcipient interactions 56 , development of transdermal patches 57 and drug permeation through the skin. The degree of hydrophobic associations, hydrolysis and size of miceller clusters can be determined from intrinsic viscosity measurement 58, 59 . The intrinsic viscosity and the relative 
The specific viscosity could be calculated by the following equation:
where, η 0 is the viscosity of polymer solution and η is the viscosity of polymer solution in presence of surfactant. This value of the specific viscosity was divided by the concentration of the polymer to normalize the effect of the The variation in the viscosity in case of Klebsiella K28 with pure cationic surfactant is shown in Fig. 2 . Upon the addition of surfactant, the viscosity decreased till the point of precipitation and then it started increasing 12 . The appearance of minima on addition of pure cationic surfactants, as obtained from the graph follows the order: BDHAC CTAB CPC DPC. The variation in case of other SPS has been summarized in Table 2 . Polymer-surfactant interaction results in coiling up of the polymer which leads to the reduction of viscosity. The hydrodynamic radius of the SPS first decreased then increased on interaction with the surfactant thus resulting in first decrease in intrinsic viscosity then increase in it. Beyond the point of precipitation the formation of macroscopic aggregates lead to increase in viscosity. The order is in accordance with the CMC values of the surfactants. With the variation of SPS, the observed variation in viscosity was also found to be different. The variation was distinct in case of K43 SPS. Variation in viscosity for cationic-nonionic mixed surfactant systems with Klebsiella K28 have been shown in Fig. 2 . This was later found to be in accordance with the dynamic light scattering measurement. The order of the variation in general can be given as: 0.5 0.8 1.0 in terms of concentration of SPS. The viscosity change is more effective in mixed surfactant systems than the pure cationic surfactants except BDHAC. This is because CMC values were lowered in mixed surfactants. In case of mixed surfactant the reduction in intrinsic viscosity is influenced by both the CMC values and charge density. At lower mole fraction X 2 0.8 of nonionic surfactant, due to the significant decrease in CMC value, the interaction between the SPS and surfactant increased significantly, resulting in decrease in intrinsic viscosity of the medium. The influence of charge density comes into action on decrease of the mole fraction of the cationic surfactant 17 . In case of K43 the variation is distinct. When SPS are changed, the variation also changes.
Dynamic light scattering DLS studies

Hydrodynamic diameter
The hydrodynamic light scattering experiment was performed to verify the hydrodynamic radius R h of the SPS in presence of surfactants as done in the viscosity measurements. For such studies we have used the Stokes-Einstein formalism was adopted as:
where k B is Boltzmann s constant, η is solvent viscosity at absolute temperature T, R h is the hydrodynamic radius and D z is the corresponding diffusion co-efficient. The sizes of the four different SPS are given in Table 3 . Variation in the binding of surfactants with Klebiella K28, which determines the variation in size, are shown in Fig. 3 and the order is as follows: BDHAC CTAB CPC DPC.
Since surfactant binds to polymer and forms polymersurfactant aggregate, size increases. But when neutralization occurs, due to coiling up of the polymer there could also occur a decrease in the size. The extent of increase in size depends on the nature of the surfactant. With variation in SPS, the extent of enhancement of size is different. In case of K20, when DPC was progressively added, the size first decreased then it increased but in case of other three SPS size first increases even in case of addition of DPC. This might be due to difference in the structures of SPS. The variations were well in agreement with the variations as previously observed in viscosity measurement.
The change in size with addition of mixed cationic-nonionic surfactant to the Klebsiella K28 is shown in Fig. 3 as representative. Also from Table 4 it can be inferred that as mixed surfactants were added, the onset of size enhancement started earlier, i.e, at lower concentration of surfac- charged polymer-surfactant systems depend on the CMC as well as the charge density of the surfactant pure or mixed . Although the CMC was decreased upon addition of nonionic surfactants to ionic one, however, simultaneously the charge density also gets decreased. This could be a probable reason for which the above sequence in surfactant interaction were observed. In case of mixed surfactants the CMC value decreased further than the pure cationic surfactants, thus indicating enhanced interaction. The variation was also found dependent on the charge density. The interaction of SPS was more extensive with mixed surfactants so that binding is more effective which leads to more effective size variation. It was also dependent upon the structural variation of the SPS. Here also the variations were well in agreement with the variations observed in viscosity measurement for mixed surfactant systems.
Zeta Potential
The zeta potential of the SPS solution was measured using DLS method. The values of the zeta potential of the four SPS are given in Table 3 . All the polymer in the absence of surfactants exhibited fairly high negative zeta potential values about 40 mV , which are essential for their stabilization in aqueous media. Although there were differences in the hydrodynamic diameter among the polymers, however, they do not differ significantly with respect to the zeta potential values the values were within the experimental error limits . Variations in the zeta potential values upon the progressive addition of surfactants are presented in Fig. 4 . It was observed that the concentration of the surfactant required for the charge reversal follows the order: BDHAC CTAB CPC DPC. This order shows that the reversal of charge takes place earlier for the surfactant with lower CMC. The addition of surfactants leads to charge neutralization. Reversal of charge occurs when excess surfactant binds with the SPS 33 . Such phenomena are not uncommon in the literature 10, 20 . There could be irregular adsorption of the surfactants, excess than the stoichiometric charges on the polymer, which led to the charge reversal. Additionally, hydrophobic interaction may lead to the adsorption of excess cationic surfactants over high polymer matrices, as in case of the interaction between surfactant and the nonionic polymers. The charge neutralization takes place due to the binding of surfactant with the polymer. Polymer being negatively charged, exhibited negative zeta potential. When surfactants binds with the polymer, the zeta potential gradually decreases which eventually turned to positive value. The charge neutralization did not necessarily take place at 1:1 ratio, which probably was due to presence of some free surfactants in fulfilling the process of equilibrium. In case of K51, the change on addition of CPC and DPC was not remarkably distinct. Thus it could be argued that the change in zeta potential also depends on the structural variation and molecular weight of the SPS. The variation of the zeta potential on addition of mixed surfactants has been depicted in Fig. 5 . The order of the concentration of mixed surfactant required for charge reversal as observed from the graph is: 0.5 0.8 0.2 1. A surfactant system pure or mixed with lower CMC is expected to exert higher hydrophobicity. Hydrophobic interaction, in addition to the electrostatic attractions, may assist the surfactant binding to the polymer matrices. This eventually led to the appearance of charge neutralization point at lower concentration that the corresponding pure surfactant. Thus, the extent of reversal of charge was more effective than the pure surfactants.
When SPS were different, the extent of change of zeta potential on addition of cationic and cationic-nonionic mixed surfactant was also different. This difference was due to the structural difference of the SPS and the effect of the mixed surfactant on them. In case of SPS K28, the anionic site is not in the terminal position whereas in the other three SPS the anionic site is present in the terminal position. So, charge reversal in case of SPS K28 requires high concentration of surfactant compared to the other three SPS. In other three cases, the variation may be due to their difference in equivalent weight. 
Conclusions
The interaction of anionic SPS with cationic surfactants is limited in the literature though few works has been carried out using some stains of Klebsiella by the present research group. There are also several work reported where mixed surfactants were used. These SPS-surfactant studies were not done earlier using the four test stains taken herein this work. The reported interaction parameters in the aqueous medium Table 1, Table 2, Table 3 were on the whole consistent among the different methods. The turbidity, viscosity and DLS measurements evaluated the nature and dimensions of SPS-surfactant complexes formed along with their association and hydrodynamic sizes in the aqueous solution. The attachment of surfactant monomers with the binding site of the anionic SPS, the induced micelles bound to the polymer and the association of the complexes formed and their configurational changes under the influence of increase in the concentration of surfactant or with the use of mixed surfactant reveals the complexity of the SPS-surfactant interaction complexity.
Based on the experimental results, the following conclusions can be drawn:
While studying the effects of surfactants, pure as well as mixed, the results indicated higher binding capacity in case of mixed surfactants in comparison with pure cationic surfactants. The present studies strongly revealed that the two forces, viz., electrostatic and hydrophobic forces were essentially involved during the aggregation process of polymer-surfactant. Present study revealed that turbidity increases due to adsorption of surfactant on polymer surface resulting in the formation of large molecule. The extent of imparting turbidity was found to be dependent on the CMC values of the surfactants. The precipitation problem could be overcome by using cationic-nonionic mixed surfactants as the CMC value reduces further in case of mixed surfactants. The viscosity study confirmed that the coiling up of the polymer took place due to the interaction of polymer-surfactant thus reducing the hydrodynamic radius and in turn reducing the viscosity. Beyond the precipitation point macroscopic aggregates were formed. The size gets enhanced on addition of cationic as well as cationic-nonionic mixed surfactants to anionic SPS. Charge neutralization takes place upon the addition of cationic as well as cationic-nonionic mixed surfactants to the anionic SPS. 
